Insulin regulates blood glucose homeostasis by stimulating the utilization of glucose by liver, muscle and adipose tissue. In the liver insulin stimulates glycogen synthesis, glycolysis and fatty acid synthesis, but unlike the situation in muscle and adipose tissue it does not stimulate glucose transport. The conversion of glucose to glycogen in liver cells is dependent on the extracellular glucose concentration and on the presence of insulin, which stimulates glycogen synthesis over a wide range of glucose concentrations [1] . However, the mechanism by which insulin stimulates glycogen synthesis in liver is unknown. We have characterized a hepatocyte in vitro system to study the metabolic effects of insulin and the corresponding signalling mechanisms [2--4]. This experimental model shows similar time courses of glycogen deposition in response to substrates and insulin [2] as are observed in vivo [5] . The stimulation of glycogen synthesis in this
model is associated with activation of glycogen synthase [6] .
Various hypotheses have been proposed to explain the stimulation of glycogen synthase by insulin in extrahepatic tissues, and a number of serine kinases have been implicated. There is increasing evidence that there are tissue-specific differences in the involvement of at least some of these kinases in the control of glycogen synthesis by insulin [7--11] . Stimulation of glycogen synthesis by insulin in muscle was postulated to be via mitogen-activated protein (MAP) kinase-dependent phosphorylation of p90 rsk which in turn phosphorylates the glycogen-binding subunit of protein phosphatase-1 (PP-1G) [12] or glycogen synthase kinase-3 (GSK-3) [13] , leading to activation of glycogen synthase. MAP kinase and p90 rsk were also shown to be rapidly activated in liver following acute infusion with insulin and have been implicated in mediating the physiological effects of insulin in the liver [14] . However, studies in extrahepatic tissues using the mitogen-activated protein kinase kinase (MEK) inhibitor PD 98 059 have suggested that MAP kinase is not involved in the stimulation of glycogen synthesis by insulin [9, 11, 15, 16] .
Two additional pathways for inactivation of GSK-3 have been proposed. One of these involves p70 rsk which is activated by insulin in various cell types [7--11] . Evidence for the involvement of p70 rsk in the regulation of glycogen synthesis, based on the use of the inhibitor rapamycin, has been reported for myoblasts [9] and diaphragm [11] but not for freshly isolated adipocytes [7] , suggesting tissue differences for this pathway between muscle and adipose tissue. In addition different effects of rapamycin have been reported in different cell lines [8, 10] suggesting that the degree of cellular differentiation may also be critical for the utilization of p70 rsk by insulin in the activation of glycogen synthase. The role of p70 rsk in mediating the actions of insulin on glycogen synthesis in hepatocytes has not yet been investigated. Another pathway that has been proposed to regulate glycogen synthesis in extrahepatic tissues involves the protein kinase Akt/Rac, also referred to as protein kinase B (PKB) [9, 12] . However, no studies to date have examined the regulation of PKB and GSK-3 by insulin in the liver. Whether any of these kinases mediate the effects of insulin on the activation of hepatic glycogen synthesis is as yet unknown.
The aim of this study was to investigate the role of ERK-2, p70 rsk , PKB and GSK-3 in the regulation of glycogen synthesis by insulin in hepatocytes. We have compared the actions of insulin with the effects of epidermal growth factor (EGF), which is a potent mitogen in hepatocytes and like other growth factors [6] , potently counteracts the stimulation of glycogen synthesis by insulin [17, 18] . A comparison of the effects of insulin and EGF on protein kinase activation in hepatocytes is therefore a potential approach to identify the signalling pathways that are involved in the regulation of glycogen synthesis as distinct from those involved in stimulation of cell growth and proliferation.
Materials and methods
Materials. Mouse EGF (receptor grade), insulin (porcine), glucagon, aprotinin, phenylmethylsulphonyl fluoride (PMSF), myelin basic protein (MBP) (bovine brain), dithiothreitol (DTT), wortmannin and b-glycerophosphate were from Sigma Chemical Co. (St. Louis, Mo., USA). Sodium orthovanadate was from BDH (Poole, Dorset, UK). Leupeptin and pepstatin A were from Peptide Institute (Osaka, Japan). Rapamycin and PD 98 059 were from Calbiochem (San Diego, Calif., USA). Hybond-ECL was from Amersham Life Science (Aylesbury, Bucks., UK). Protein kinase A inhibitor (TTYAD-FIASGRTGRRNAIHD), and ÁCrosstide© [16] , a substrate for PKB, were synthesized by the Facility for Molecular Biology, University of Newcastle upon Tyne. GSK-3 phosphopeptide substrate [19] was a kind gift from Professor C. Proud (University of Kent, Canterbury, UK). The short S6 substrate peptide (RRRLSSLRA) was from Upstate Biotechnology (Lake Placid, N. Y., USA).
Antibodies. For Western blot analysis, anti-pan ERK, anti-ERK1 and anti-ERK2 (monoclonal mouse IgG) were from Affiniti Laboratories (Nottingham, Notts, UK), anti-p38 MAP kinase (C-20) was from Santa Cruz Biotechnology (Santa Cruz, Calif., USA) and horse radish peroxidase-coupled antiIgG were from Sigma. For immune complex assays anti-ERK-2 (C-14) and p70 rsk kinase (C-18) were from Santa Cruz Biotechnology. Antibodies against the pleckstrin homology domain of PKB-a [16] were generously provided by Dr. B. Hemmings (Basel, Switzerland) and antibodies against MAPKAP-2 were a kind gift from Dr. D. Alessi (Dundee, UK). Antibodies against GSK-3 isoforms were as described previously [9] .
Hepatocyte isolation and culture. Rats were either from the Comparative Biology Centre, University of Newcastle upon Tyne or from Bantin and Kingman, Hull, UK. Hepatocytes were isolated by collagenase perfusion of whole livers of male Wistar rats (170--200 g body weight) fed on standard rat chow ad libitum [2] . The hepatocytes were cultured in 6-well or 24-well plates as described previously [2] at a density of 6--8 × 10 4 cells/cm 2 . The cells were inoculated in Minimum Essential Medium (MEM) supplemented with 5 % (v/v) neonatal calf serum. After cell attachment the medium was replaced with serum-free medium supplemented with 10 nmol/l dexamethasone and the hepatocytes were cultured for 16 h. Unless indicated otherwise the medium contained 5 mmol/l glucose.
Immunoprecipitation and kinase assays. Hepatocytes in 6-well plates were incubated in MEM (5 mmol/l glucose) with agonists and washed twice with ice-cold saline before extraction by brief sonication in 700 ml/well of buffer containing (mmol/ l) 100 Tris/HCl, 100 KCl, 2 EDTA, 25 KF, 1 benzamidine, 0.5 Na 3 VO 4 , 0.1 % (v/v) Triton X-100, 10 mg/ml leupeptin, 10 mg/ ml pepstatin-A, pH 7.3. Cell extracts were centrifuged for 5 min at 13000 g. Samples (150 ml) of supernatants containing approximately 50 mg of protein were incubated with anti-ERK-2 (0.4 mg) or anti-p70 S6 kinase (0.2 mg) for 90 min at 4°C. Protein A (2 mg) immobilized on Sepharose CL-4B equilibrated at 100 mg/ml in extraction buffer was added and the incubation continued for 1 h with occasional gentle vortexing. The immobilized immune complexes were recovered by brief centrifugation at 13000 g and three washes with 200 ml aliquots of extraction buffer. Pellets were suspended in 20 ml of extraction buffer and ERK-2 or p70 rsk activity determined using myelin basic protein or short S6 peptide as substrate, respectively. Assays were for 30 min at 30°C in the presence of 10 mmol/l MgCl 2 , 50 mmol/l [g-32 P]ATP (3000 cpm/pmol), and either MBP (0.33 mg/ml) or S6 peptide (50 mmol/l). Radiolabeled peptide products were spotted onto P81 paper following brief centrifugation of immune complexes at 13000 g and the papers were washed four times in a total of 8 litres of orthophosphoric acid (180 mmol/l) for 5 min each wash and dried with a heat lamp. The radioactivity was determined by liquid scintillation counting. Blank values were determined using extraction buffer in place of sample in the reaction mixture. Kinase activity is expressed as milliunits per mg protein, where 1unit corresponds to the incorporation of 1 nmol/l of phosphate per min. GSK-3 and PKB were assayed by immunoprecipitation using anti-GSK-3a/b mixture or anti-PKB antibodies as described in [9] , except that aliquots of cell extract containing 40 mg of cell protein were used. MAPKAP-2 was assayed as in [20] following immunoprecipitation with anti-MAPKAP-2.
Chromatography of cell extracts on Mono Q. Hepatocyte monolayers in 6-well plates were incubated in MEM (5 mmol/l glucose) with agonists as described in Results. On termination of the incubation monolayers were washed once with ice-cold saline (150 mmol/l NaCl). All subsequent steps were performed at 4°C. Cell extracts for fractionation by FPLC were prepared essentially as previously described [21] . Extraction buffer (25 mmol/l b-glycerophosphate pH 7.4, 1.5 mmol/l EGTA, 1 mmol/l DTT, 1 mmol/l orthovanadate, 400 mmol/l PMSF and 1 mg/ml each of leupeptin, pepstatin A and aprotinin) was added to each well (800 ml) and monolayers were immediately sonicated for 1--2 s. Cell extracts from two 6-well plates were pooled and centrifuged at 100000 g for 60 min. We applied 4 mg of supernatant protein to a Mono Q HR5/5 column (Pharmacia, Uppsala, Sweden) that had been pre-equilibrated with extraction buffer. Fractions (1 ml) were collected during elution with a linear NaCl gradient (0--700 mmol/l) in extraction buffer over 40 min at a flow rate of 1 ml/min.
Assay of MBP kinase. MBP kinase was assayed using myelin basic protein (MBP) as substrate [22] . We incubated 20 ml of each Mono Q fraction with MBP (0.33 mg/ml) for 20 min at 30°C in a final volume of 35 ml containing 50 mmol/l [g-32 P]ATP (2500 cpm/pmol), 2 mmol/l A-kinase inhibitor, 10 mmol/l MgCl 2 , 25 mmol/l HEPES, pH 7.4. On termination of the incubation, non-radiolabelled ATP and pyrophosphate were added to each tube to give final concentrations of 10 and 1 mmol/l, respectively, and an aliquot of the reaction mixture was spotted onto P81 phosphocellulose paper. Papers were washed and kinase activity determined as described above.
Western blotting of MAP kinases. Aliquots (15 ml) of Mono Q fractions were analysed by SDS-PAGE (10 % polyacrylamide). Proteins were transferred onto nitrocellulose membranes, blocked in 150 mmol/l NaCl, 0.1 % Tween 20 containing 5 % non-fat powdered milk and exposed for 16 h at 4°C to monoclonal antibodies to MAP kinase (Affiniti Laboratories; anti-pan ERK, anti-ERK1 or anti-ERK2 isotype mouse IgG2 a, 1:1000 or Santa Cruz rabbit anti-p38 MAP kinase 1:2500 in 150 mmol/l NaCl, 1 % BSA, 0.1 % Tween 20). After extensive washing in 150 mmol/l NaCl, membranes were incubated at 37°C for 1 h with horseradish peroxidase-coupled rabbit anti-mouse or anti-rabbit IgG (Sigma, 1:1000 in 150 mmol/l NaCl, 1 % BSA, 0.1 % Tween 20). Membranes were washed thoroughly in 150 mmol/l NaCl and developed with the enhanced chemiluminescent (ECL) method (Amersham International, Amersham, Bucks, UK) followed by brief exposure to ECL X-ray film.
Kinase assays in MBP-containing polyacrylamide gels. Aliquots ( C-label into glycogen was determined by ethanol precipitation as in [2] . Glycogen synthesis is expressed as nmol/l 14 C-glucose incorporated per mg cell protein.
Assay of glycogen synthase. Glycogen synthase was assayed essentially as described [23] . Hepatocyte monolayers were preincubated in MEM (5 mmol/l glucose) with agonists as described in Results. Incubations were continued for 30 min without or with 10 nmol/l insulin. Monolayers were washed with saline and permeabilized with digitonin (0.05 mg/ml) in buffer containing 62.5 mmol/l Tris/HCl, 5 mmol/l EDTA, 25 mmol/l KF, pH 7.8. After 1 min an aliquot of 5 × assay buffer (final concentrations 4.6 mmol/l [ 3 H]UDP-glucose (1.75 Ci/mol), 1 % rabbit liver glycogen) was added to each well and incubations were for 20 min at 30°C. Synthase a and total synthase were determined in the presence of 0.1 and 10 mmol/l glucose 6-phosphate, respectively. Reactions were terminated by sonication of the cells and spotting aliquots onto a 2 cm 2 piece of Whatman ECH 2R paper. The papers were washed three times in 66 % (v/v) ethanol and allowed to dry. Radioactivity was determined by liquid scintillation counting. The activities of synthase a and total synthase are expressed as milliunits/mg cell protein, where 1 unit represents incorporation of 1 mmol/l UDP-[
Results
Effects of insulin and EGF on ERK-2 activation and glycogen synthesis. The effects of insulin and EGF on ERK-2 activity are shown in Figure 1 . In hepatocytes the activity of ERK-1 determined by in-gel MBP kinase analysis and the immunoreactivity determined by Western blotting was very low in comparison with ERK-2 and could not be accurately determined. Both insulin and EGF caused transient activation of ERK-2 which was maximal at 5 min and declined thereafter. The stimulation of ERK-2 by insulin was 20--30 % of that elicited by EGF (Fig. 1A) . The possible involvement of ERK-2 activation in the stimulation of glycogen synthesis and activation of glycogen synthase by insulin was examined using an inhibitor (PD 98 059) to prevent MEK activation of ERK-2. At a concentration of 50 mmol/l, the inhibitor totally blocked the activation of ERK-2 by insulin but it suppressed the EGF stimulation by only 50 % (Fig. 1B) . These findings are similar to results on other cell types which demonstrate complete inhibition by PD 98 059 of low levels of activation of ERK-2, but only partial counteraction by agonists which cause large stimulation [11, 24] . PD 98 059 inhibited the incorporation of 10--25 mmol/l [U-
14 C]-glucose into glycogen in both the absence of insulin (57, 66 and 59 %) and in the presence of insulin (55, 62 and 44 % of respective controls at 10, 15 and 25 mmol/l glucose). The percentage increase in glycogen synthesis by insulin was similar in the absence and presence of inhibitor (10 mmol/l glucose, 503 vs 527; 15 mmol/l glucose, 337 vs 373; 25 mmol/l glucose, 204 vs 277 % stimulation by insulin, absence vs presence of PD, Fig. 1C ). PD 98 059 did not affect either the basal activity of glycogen synthase a or the stimulation by insulin ( Table 1 ), suggesting that activation of ERK-2 is not essential for either activation of glycogen synthase or stimulation of glycogen synthesis by insulin. Glucose (mmol / l) * * * * * * * * * * * * Effects of insulin and EGF on p70 rsk activation. An alternative pathway that may lead to activation of glycogen synthase and stimulation of glycogen synthesis involves activation of PI 3-kinase leading to activation of p70 rsk [25, 26] . Rapamycin, an inhibitor of p70 rsk , has been shown to partially counteract activation of glycogen synthase or stimulation of glycogen synthesis by insulin in human myoblasts [9] , 3T3-L1 adipocytes [10] and rat diaphragm [11] , and wortmannin an inhibitor of PI-3 kinase, also counteracts activation of glycogen synthase by insulin in these cells [9, 10] . EGF and insulin activated p70 rsk in hepatocytes by 3-fold and 2.3-fold, respectively ( Fig. 2A) . Rapamycin lowered the basal activity of p70 rsk by 80 % and totally abolished the stimulation by both insulin and EGF. However, rapamycin neither affected the basal rate of glycogen synthesis nor the stimulation by insulin (Fig. 2B) In additional experiments performed at 15 mmol/l glucose a similar lack of effect of these inhibitors on insulin-stimulated glycogen synthase activity was observed (results not shown).
Effects of insulin and EGF on GSK-3 and PKB activity. The effects of insulin and EGF on GSK-3 and PKB in hepatocytes are shown in Figure 3 . Insulin has been shown to inactivate GSK-3 in adipocytes [7] , human myoblasts [9] , Chinese hamster ovary (CHO) cells [19] and L6 myotubes [27] . Figure 3A shows that insulin (1, 100 nmol/l) and EGF (10 14 C] glucose in the absence or presence of 10 nmol/l insulin or 100 nmol/l rapamycin. Glycogen synthesis was determined from the incorporation of 14 C-glucose into glycogen. Values are means ± SEM for 4 hepatocyte preparations *p < 0.05, **p < 0.005, insulin or EGF vs respective control Fig. 3 A, B . Effects of insulin and EGF on GSK-3 and PKB activity. (A) GSK-3 activity was determined after incubation without or with insulin (1 or 100 nmol/l) or EGF (10 nmol/l) for 5 min. (B) PKB activity was determined after incubation with insulin (100 nmol/l) or EGF (10 nmol/l) for 0--60 min. Values are means ± SEM for 3 (A) or 4 (B) hepatocyte preparations. *p < 0.05, **p < 0.005, insulin or EGF vs respective control nmol/l) cause a similar inactivation (40 %) of GSK-3 in hepatocytes. Activation of PKB by insulin has been reported in myoblasts [9] and L6 cells [27, 28] . Both insulin and EGF activated PKB in hepatocytes (Fig. 3B) . Unlike the activation of ERK-2 ( Fig. 1 ) and p70 rsk (Fig. 2) , insulin (100 nmol/l) caused a greater activation of PKB than did EGF (10 nmol/l). The insulin activation was sustained for 30 min. Figure 4 shows the effects of varying [insulin] on glycogen synthesis and activation of ERK-2, p70 rsk and PKB. At 0.1 nmol/l insulin, there was significant stimulation of glycogen synthesis, and of PKB and p70 rsk but not of ERK-2, which was activated by insulin only at concentrations 1 nmol/l or more, suggesting that activation of ERK-2 is less sensitive to insulin than stimulation of glycogen synthesis.
Resolution of MBP kinases from insulin or EGF treated cells by Mono Q. Since ERK-2 and p70
rsk are apparently not involved in the stimulation of glycogen synthesis by insulin we looked for protein kinases that are activated by insulin but not by EGF by fractionation of extracts of insulin-treated or EGF-treated hepatocytes on Mono Q and screening fractions for MBP kinase activity. In hepatocytes treated with EGF (10 nmol/l for 5 min) a single peak (peak 1) of MBP phosphorylating activity eluted at 200 mmol/l NaCl from Mono Q (Fig. 5A ). This represents an 11-fold increase in peak height activity with respect to control hepatocytes (control, 4.2 ± 0.6; EGF, 48.0 ± Glycogen * * * * * * * * * * * * * * * * * * * * * * Fig. 4 . Sensitivity of glycogen synthesis and insulin-stimulated kinases to insulin. ERK-2, p70 rsk and PKB were determined after incubation of hepatocytes without or with insulin (0.1--100 nmol/l) for 5 min. In parallel experiments hepatocytes were incubated without or with insulin (0.1--100 nmol/l) for 2 h with 15 mmol/l [U- 4.2 mU/fraction, n = 4). In contrast, in extracts of hepatocytes incubated with insulin (100 nmol/l for 5 min) two peaks of MBP kinase activity were resolved, one eluting at 200 mmol/l NaCl (peak 1) and a second at 400 mmol/l NaCl (peak 2) (Fig. 5A ), representing 5-fold and 2.5-fold increases in the peak height activity, respectively (peak 1 control, 4.6 ± 0.7; insulin, 21.4 ± 2.7: peak 2 control, 4.0 ± 0.6; insulin, 9.9 ± 1.4 mU/fraction, n = 7). The MBP kinases in peak 1 and peak 2 from Mono Q fractionation were characterized using in situ kinase assays in gels containing MBP and with antibodies specific to MAP kinases (Fig. 6 ). When Mono Q fractions from insulin-treated cells were fractionated in SDS-PAGE gels containing MBP (in-gel assay) they showed a 42 kDa (ERK2) band corresponding to peak 1 (fractions 10--13) and a minor band at 44 kDa (ERK1) eluting at higher salt concentrations (fractions 13--16). In the same fractions there are additional MBP kinases of ∼ 55--65 kDa which co-elute with ERK1. However in-gel assays of whole cell hepatocyte extracts suggested that these additional MBP kinases were not activated by insulin (result not shown). In Mono Q fractions corresponding to MBP kinase peak 2, there was no detectable MBP kinase activity using this technique, suggesting that this peak is not an activated form of ERK1 or ERK2 and that the kinase involved does not re-nature sufficiently under the conditions used.
Immunoblotting of peak 1 from insulin-treated hepatocytes with anti-pan ERK, which is reported to react with MAP kinases of 54 and 85 kDa in addition to ERK1 and ERK2 (Affiniti Laboratories), identified one major protein of approximately 42 kDa (fractions 10--12). Fractions 11 and 12 show a small band shift of the 42 kDa protein indicating the presence of activated ERK 2. Since ERK 1 could not be detected using anti-pan ERK, it is possible that this antibody is not immunoreactive to hepatic ERK 1, or the amount of ERK-1 is below detectable limits. Similar to insulin-treated cells, immunoblotting of peak 1 from EGF-treated hepatocytes identified the presence of activated ERK2 (result not shown). Peak 2 from insulin-treated cells showed no immunoreactivity further indicating that it does not contain activated ERK2 (Fig. 6 ). The Mono Q fractions which contain immunoreactive p38 MAP kinase (the HOG-1 homologue) are shown in Figure 5B .
Counteraction of insulin stimulation of MBP kinase peak 2 by EGF and glucagon. Since EGF counteracts the stimulation of glycogen synthesis by insulin [17, 18] , we determined the combined effects of insulin and EGF on MBP kinases peak 1 and peak 2. In the combined presence of insulin and EGF, the activation of peak 1 was similar to that observed with EGF alone, while the activation of peak 2 was abolished (Fig. 5B) . Transforming growth factor a, which like EGF counteracts the stimulation of glycogen synthesis by insulin in hepatocytes [6] , also counteracted activation of MBP kinase peak 2 by insulin (n = 2, results not shown). Pre-incubation with 100 nmol/l glucagon for 5 min before incubation with insulin for 5 min counteracted the stimulation of both peak 1 and peak 2 by insulin (Fig. 5B) , suggesting inhibition by cAMP upstream of ERK-2 and peak 2. The sensitivity to insulin of activation of peaks 1 and 2 is shown in Figure 5C and D. Peak 2, but not peak 1, was maximally activated by 1 nmol/l insulin and not further activated by higher concentrations of insulin. This is similar to the effects of insulin on glycogen synthesis (Fig. 4 ) and is consistent with a possible involvement of peak 2 in the stimulation of glycogen synthesis.
Effect of kinase inhibitors on the stimulation of MBP kinases by insulin. Figure 7 shows the effects of inhibitors of phosphatidylinositol 3 ′-kinase (PI-3) kinase (wortmannin), MEK (PD 98 059) and p70 rsk (rapamycin) on the stimulation of MBP kinases peak 1 and peak 2 by insulin. Both PD 98 059 and wortmannin counteracted the stimulation of peak 1 by insulin whereas rapamycin caused only a small inhibition (Fig. 7A) . The stimulation of peak 2 was counteracted by wortmannin but not by PD 98 059 or rapamycin (Fig. 7B) . LY294 002 (100 mmol/l), a specific inhibitor In Gel Assay Fig. 6 . Identification of ERK1 and ERK2 in hepatocytes. Aliquots (15 ml) of Mono Q fractions corresponding to MBP kinase peak 1 or peak 2 from cells treated with insulin (100 nmol/l, 5 min) were separated by SDS-PAGE in gels without or with 0.5 mg/ml MBP. For Western blotting, fractions were immunoblotted using anti-pan ERK. In gel MBP kinase assays were performed as described in the Methods section. The positions of ERK-1 and ERK-2 are indicated of PI-3 kinase also inhibited the activation of both peak 1 and peak 2 by insulin (results not shown). In the same experiments PD 98 059 suppressed both the basal and the insulin-stimulated rate of glycogen synthesis, without counteracting the fold-stimulation by insulin, whereas rapamycin had no effect on either the basal or the insulin-stimulated rate in both the absence and the presence of PD 98 059 (Fig. 7C) . These results suggest that the activation of peak 2 by insulin is dependent on PI-3 kinase but not on MEK or p70 rsk activity, whereas activation peak 1 is dependent on both PI-3 kinase and MEK. The stimulation of glycogen synthesis by insulin in the presence of both rapamycin and PD 98 059 is consistent with a possible involvement of peak 2 but not peak 1 in insulin action.
Discussion
We demonstrate in this study that insulin causes inactivation of GSK-3 and activation of ERK-2, p70 rsk , PKB and an as yet unidentified kinase that phosphorylates MBP and elutes at ∼ 400 mmol/l salt on Mono Q (peak 2). EGF causes a similar inactivation of GSK-3 as insulin, but a greater activation of ERK-2 and p70 rsk and a smaller activation of PKB than insulin. Unlike insulin, it does not activate peak 2.
The studies using inhibitors which block the activation of p70 rsk and ERK-2 by insulin rule out a major involvement of both these kinases in the stimulation of glycogen synthesis by insulin in hepatocytes. Neither rapamycin, which totally abolished the stimulation of p70 rsk by insulin, nor PD 90859, which blocked the stimulation of ERK-2 by insulin prevented the stimulation of glycogen synthesis or activation of glycogen synthase by insulin. PD 98 059 inhibited glycogen synthesis (but not glycogen synthase) in both the absence and presence of insulin, but did not block the stimulation by insulin. This inhibition of glycogen synthesis was not associated with a lowering of cellular ATP or with leakage of lactate dehydrogenase (not shown). Since it was not associated with inactivation of glycogen synthase this effect is most likely due to glucuronidation of this compound, since compounds that are metabolized by glucuronidation can cause depletion of hepatic glycogen through consumption of UDP-glucose [29] . Regardless of the mechanism by which PD 98 059 inhibits glycogen synthesis, the lack of effect of this inhibitor on activation of glycogen synthase by insulin eliminates an involvement of ERK-2 in the mechanism by which insulin activates this enzyme. A salient point that emerges from the present study is that stimulation of ERK-2 is less sensitive to insulin concentration than the other metabolic effects determined. Thus activation of ERK-2 by insulin, in addition to being smaller in magnitude than activation by EGF, also showed a lower sensitivity to insulin than the metabolic effects of insulin.
Previous studies using rapamycin have implicated involvement of p70 rsk in the control of glycogen synthesis by insulin in human myoblasts [9] , 3T3 cells [10] and isolated rat diaphragm [11] , though not in freshly isolated adipocytes [7] . The lack of involvement of p70 rsk in the stimulation of glycogen synthesis by insulin in hepatocytes is evidence for tissue dif- ferences in insulin-signalling pathways between the major physiological targets of insulin. Indeed, the regulation of p70 rsk by growth factors appears to be subject to tissue specificity since, unlike in hepatocytes, EGF does not activate p70 rsk in diaphragm [11] .
Inactivation of GSK-3 by insulin has been demonstrated in adipocytes [7] , human myoblasts [9] , CHO cells [19] , and L6 myotubes [27] . The activation of glycogen synthase by insulin results from dephosphorylation of sites (3 a + 3 b + 3 c) and (2 a + 2 b) [30] . Sites 3 a, 3 b and 3 c are phosphorylated by GSK-3. Overexpression of either wildtype GSK-3 or a mutant with increased activity in the 293 cell line results in suppression of endogenous glycogen synthase, suggesting that activation of GSK-3 contributes to inactivation of glycogen synthase in the intact cell [31] . An interesting finding from the present study is that both insulin, which stimulates glycogen synthesis, and EGF, which counteracts the stimulation by insulin, cause a similar inactivation of GSK-3. Taken together, these observations suggest that inactivation of GSK-3 is itself insufficient to account for the activation of glycogen synthesis by insulin, and/or that EGF counteracts the action of insulin by a mechanism that is independent of GSK-3, possibly involving other counterregulatory mechanisms, such as activation of phospholipase C [32] with consequent increases in diacylglycerol or calcium, which inhibit glycogen synthesis. It is noteworthy, however that these experiments on the effects of EGF on GSK-3 were performed at a cell density at which EGF blocks the stimulation of glycogen synthesis by insulin but has no effect on the basal rate [18] thus an interaction with insulin-signalling is therefore more plausible. Since both insulin and EGF activated PKB, the present results are consistent with a role for PKB in the phosphorylation and inactivation of GSK-3 in liver. In contrast to the activation of ERK-2 and p70 rsk the activation of PKB by insulin is larger than by EGF. In addition the activation of PKB by EGF peaks at 2 min and declines to basal levels by 10 min whereas activation by insulin peaks at 2--5 min and is sustained for at least 30 min. Therefore, the larger and sustained activation of PKB by insulin compared with EGF suggests that PKB is a possible candidate in mediating the stimulation of glycogen synthesis by insulin.
MBP kinase (peak 2), which is activated by insulin but not by EGF is of particular interest in the context of the metabolic effects of insulin. To our knowledge this is the first report of activation of a protein kinase by insulin that is not activated by EGF in the same experimental system. Two lines of evidence suggest that this kinase is a potential candidate in the stimulation of glycogen synthesis by insulin. First, the dose-response to insulin for activation of peak 2 is similar to the stimulation of glycogen synthesis by insulin. This contrasts with the sensitivity to insulin of peak 1 or ERK-2. Secondly, there is parallelism between the stimulation of glycogen synthesis and the activation of MBP kinase peak 2 by insulin. The activation of peak 2 by insulin is blocked by both EGF and transforming growth factor a, which counteract the stimulation of glycogen synthesis by insulin [6, 17] , and also by glucagon and wortmannin, both of which counteract the stimulation of glycogen synthesis. In the presence of either rapamycin, PD 98 059 or a combination of both inhibitors, the fold-stimulation by insulin of either glycogen synthesis, glycogen synthase or MBP kinase peak 2 was not inhibited. This suggests that inactivation of GSK-3 by either p70 rsk or p90 rsk is not responsible for activation of glycogen synthase by insulin in hepatocytes but does not exclude a role for MBP kinase peak 2. A key question is whether peak 2 is a previously reported protein kinase or a novel enzyme. We have excluded the possibility that peak 2 is an activated form of ERK1 or ERK2 or that peak 2 is an isoform of PKB, since following fractionation of extracts of control or insulintreated hepatocytes on Mono Q, MBP kinase peak 2 does not co-elute with insulin-stimulated kinase activity assayed with either "Crosstide"" or RPRAATF [33] as substrate (not shown). We have excluded the posibility that peak 2 may be p38 MAP kinase [34] since Mono Q fractions containing immunoreactive p38 MAP kinase elute before the fractions containing peak 2 activity. In addition MAPKAP-2, a physiological substrate of p38 MAP kinase, was not activated by insulin in hepatocytes when assayed by immunoprecipitation (M. Peak and R. Halse, unpublished results). Peak 2 was found to be very unstable. It rapidly loses activity on storage and during gel filtration and activity could not be recovered following SDS-fractionation and in-gel assay, which makes its characterization difficult.
Glycogen synthesis in hepatocytes is stimulated by cell swelling induced by either amino acids or by hypotonic media [35] . Insulin increases cell volume in hepatocytes through an increase in cellular K + plus Na + content and this increase in cell volume is an essential component of the mechanism by which insulin stimulates glycogen synthesis [36, 37] . It is therefore of interest to compare the present findings with those of a recent study on the activation of protein kinases by cell swelling in hepatocytes [38] . Cell swelling caused activation of PI-3 kinase and of p70 rsk , but not ERK-2. However, while wortmannin partially blocked the stimulation of glycogen synthase by cell swelling, rapamycin was without effect indicating lack of involvement in p70 rsk in the stimulation of glycogen synthesis by cell swelling. The present study also shows counteraction by wortmannin of the stimulation of glycogen synthesis by insulin. Thus ERK-2 and p70 rsk are not involved in the stimulation of glycogen synthesis by either insulin or cell swelling, whereas a wortmannin-sensitive mechanism is involved in both processes. These similarities in the involvement of protein kinases in the stimulation of glycogen synthesis by cell swelling [38] and insulin (present study) are consistent with the hypothesis that cell swelling is a component of the mechanism by which insulin stimulates glycogen synthesis in the liver [36] .
